Abstract a-Actinin is an evolutionarily conserved actin filament crosslinking protein with functions in both muscle and non-muscle cells. In non-muscle cells, interactions between a-actinin and its many binding partners regulate cell adhesion and motility. In Drosophila, one non-muscle and two muscle-specific a-actinin isoforms are produced by alternative splicing of a single gene. In wild-type ovaries, a-actinin is ubiquitously expressed. The non-muscle a-actinin mutant Actn D233 , which is viable and fertile, lacks a-actinin expression in ovarian germline cells, while somatic follicle cells express a-actinin at late oogenesis. Here we show that this latter population of a-actinin, termed FC-a-actinin, is absent from the dorsoanterior follicle cells, and we present evidence that this is the result of a negative regulation by combined Epidermal growth factor receptor (EGFR) and Decapentaplegic signalling. Furthermore, EGFR signalling increased the F-actin bundling activity of ectopically expressed muscle-specific a-actinin. We also describe a novel morphogenetic event in the follicle cells that occurs during egg elongation. This event involves a transient repolarisation of the basal actin fibres and the assembly of a posterior b-integrin-dependent adhesion site accumulating a-actinin and Enabled. Clonal analysis using Actn null alleles demonstrated that although a-actinin was not necessary for actin fibre formation or maintenance, the cytoskeletal remodelling was perturbed, and Enabled did not localise in the posterior adhesion site. Nevertheless, epithelial morphogenesis proceeded normally. This work provides the first evidence that a-actinin is involved in the organisation of the cytoskeleton in a non-muscle tissue in Drosophila.
Introduction
Throughout development, interactions between the epithelium and the underlying tissue determine the morphology of developing organs. Signals transmitted between the tissues regulate events such as proliferation, apoptosis and cell shape changes. Drosophila oogenesis has long served as a model system for studies concerning patterning and morphogenesis. The structure that supports the development of the oocyte is called an egg chamber (King, 1970) . Each egg chamber consists of three cell types: one posteriorly located oocyte, 15 germline-derived nurse cells and a monolayer of somatic follicle cells that envelops the germline cells. The process of oogenesis has been divided into 14 stages, where stage 14 corresponds to a mature egg with a chorion secreted by the follicle cells.
The shape of the mature egg is dictated by the follicular epithelium, which undergoes several dynamic rearrangements during the later half of oogenesis (reviewed in Horne-Badovinac and Bilder, 2005) . During stage 9, a majority of the follicle cells migrate posteriorly over the nurse cells to cover the oocyte. By stage 10, the oocyte has grown to occupy half of the egg chamber, while the nurse cells occupy the other half. During stage 11, the nurse cells transport their cytoplasm into the oocyte in a process called dumping. This results in a rapid increase of the oocyte volume and a concomitant expansion of the follicular epithelium, termed egg elongation. Dorsal follicle cell fate is induced at stage 8-9 by Gurken signalling from the oocyte nucleus to the Epidermal growth factor receptor (EGFR) in the overlying follicle cells (Price et al., 1989; Neuman-Silberberg and Schüp-bach, 1993) . This activates an autoregulatory EGFR signalling cascade involving amplification and lateral expansion of the signal and finally downregulation at the dorsal midline. This autoregulatory circuit splits the dorsoanterior domain into two lateral groups of cells that will form the dorsal appendages and one dorsally located group of cells that will contribute to the operculum (Wasserman and Freeman, 1998) . The position of the dorsal appendages along the anterior-posterior (A/P) axis of the egg chamber is specified by the TGFb-family member Decapentaplegic (Dpp), which is secreted by the anterior follicle cells (Twombly et al., 1996; Deng and Bownes, 1997) . The two dorsal appendage primordia are composed of roof cells and floor cells. Extensive cell shape changes and a subsequent anterior migration during stages 11-13 result in the formation of two elongated tubes that will secrete the dorsal appendages (Dorman et al., 2004) . In contrast to the wealth of knowledge on patterning molecules involved in all these events, less is known about the cytoskeletal changes directing the morphological rearrangements within the follicular epithelium.
a-Actinin is an evolutionarily conserved actin crosslinking protein that belongs to the spectrin superfamily (Virel and Backman, 2004) . In muscle cells, a-actinin is located in the Z-disc, where it crosslinks actin filaments from adjacent sarcomeres (Clark et al., 2002) . In non-muscle cells, a-actinin is localised in stress fibres, lamellipodia, cell-cell and cell-matrix adhesion sites (Otey and Carpen, 2004) . The functional a-actinin molecule is an antiparallel dimer with an actin-binding domain at each end. The monomer is composed of an N-terminal actin-binding domain, four central spectrin-like repeats and a C-terminal calmodulinlike domain with two Ca 2+ -binding EF-hand motifs (Djinović-Carugo et al., 1999) . In vertebrates, separate genes encode muscle and non-muscle a-actinin isoforms with differing EF-hand sequences. The muscle isoforms lack Ca 2+ -binding activity, whereas Ca 2+ inhibits the actin-binding activity of the non-muscle isoforms (Burridge and Feramisco, 1981; Waites et al., 1992) .
Vertebrate a-actinin can directly interact with a large number of different types of molecules in addition to F-actin, suggesting that it plays multiple roles in the cell (Otey and Carpen, 2004) . Most studies on a-actinin's role in non-muscle cells have focussed on its role in stress fibres and focal adhesions. In the latter, a-actinin interacts directly with several adhesion site components, including b-integrin (Otey et al., 1990) . A mouse knock-out for the major non-muscle a-actinin isoform has not yet been described, but experiments on cultured mammalian cells have suggested that a-actinin is important for stress fibre maintenance (Pavalko and Burridge, 1991) , for maintaining the link between the stress fibre and the adhesion site (Rajfur et al., 2002) and for adhesion site disassembly (Bhatt et al., 2002) .
In Drosophila, three a-actinin isoforms (non-muscle aactinin, larval muscle-specific a-actinin and adult musclespecific a-actinin) are encoded by a single alternatively spliced gene (Fyrberg et al., 1990; Roulier et al., 1992) . Moreover, the non-muscle isoform is expressed mainly from a promoter different from that of the muscle-specific isoforms (Fyrberg et al., 1998) . The three isoforms differ in the region between the actin-binding domain and the first central repeat. They all share the same C-terminal domain, which according to the sequence was predicted to bind Ca 2+ (Fyrberg et al., 1990; Roulier et al., 1992) . However, no Ca 2+ -binding activity was detected in vitro (Dubreuil et al., 1991) . a-Actinin null mutants lacking all three isoforms are larval lethal, with defects reported only in muscles (Fyrberg et al., 1990; Roulier et al., 1992; Fyrberg et al., 1998) .
In wild-type embryos and ovaries, a-actinin is ubiquitously expressed (Wahlströ m et al., 2004) . In the viable and fertile mutant Actn D233 , a small deletion disrupts the first untranslated exon of the non-muscle-specific transcript. The Actn D233 mutant lacks detectable expression of a-actinin protein in early embryos, in the ovarian nurse cells and in follicle cells at early stages of oogenesis, yet both embryogenesis and oogenesis proceed normally. In Actn D233 mutant ovaries, polar cells and follicle cells from stage 10 onwards still express a-actinin, indicating that a-actinin expression is differently regulated in these cells (Wahlströ m et al., 2004) . The aim of this study was to examine the population of a-actinin expressed in the Actn D233 mutant and to analyse its role in the follicle cells. Here we show that this population of a-actinin, which we have termed FC-a-actinin (follicle cell-a-actinin), is negatively regulated by the EGFR and Dpp signalling pathways. Furthermore, we show that a-actinin and b-integrin are required for a previously undescribed cytoskeletal remodelling that occurs in the main body follicle cells during egg elongation.
Results

a-Actinin and Ena localisation patterns in the main body follicle cells reveal dynamic changes in the basal cytoskeleton during late oogenesis
To understand how a-actinin is involved in the function of the follicle cells at late oogenesis, we analysed a-actinin localisation in wild-type follicle cells at stages 10-14. For detection, we used the monoclonal antibody MAC276, which recognises all three a-actinin isoforms (Lakey et al., 1990; Roulier et al., 1992) , and a staining protocol that does not allow simultaneous labelling of F-actin with phalloidin (see Section 4). The follicle cells are polarised with the apical side facing the germline and the basal side facing the epithelial sheath surrounding each string of developing egg chambers (Horne-Badovinac and Bilder, 2005) . At the time of egg chamber assembly, the basal surface of the follicle cells acquires a layer of stress fibre-like actin bundles, which is maintained throughout oogenesis (Gutzeit, 1990; Frydman and Spradling, 2001) . At stage 10A, a-actinin was localised at the cell cortex (not shown) and was especially abundant in the basal actin fibres (Figs. 1A and A 0 ). At stage 10B/11, the evenly stained actin fibres began to reorganise, and by stage 11, a distinct patch of a-actinin accumulation was detected in the posterior part of the cell (Figs. 1B and D) . This pattern was seen in all main body follicle cells, i.e. ventral follicle cells and dorsal cells posterior to the dorsal appendages. In the dorsoanterior follicle cells, a-actinin was expressed at lower levels and showed less distinct localisation patterns (Fig. 1B, encircled) . a-Actinin was also detected at the roof cell apices of the elongating dorsal appendages (Figs. 1C and C 0 ) . At the end of stage 12, the basal a-actinin pattern in the main body follicle cells was reorganised again. The accumulation at the posterior end of the cell gradually dispersed, and at stage 13, a-actinin was concentrated at the lateral cell margins (Fig. 1E) . The central actin fibres were less strongly labelled. By stage 14, when the basal actin fibres have disappeared (Gutzeit, 1992) , a-actinin displayed a cortical localisation (Fig. 1F) .
The lateral stripes of a-actinin in the follicle cells at stage 13 correspond to the previously described adhesion sites shown to contain b-integrin and Ena (Bateman et al., 2001; Baum and Perrimon, 2001) . Integrins are transmembrane receptors for ligands in the extracellular matrix (ECM), and they mediate adhesion between the cell and the ECM (Brown et al., 2000) . Ena is the sole Drosophila member of the conserved family of Ena/VASP proteins, which act as positive regulators of actin filament assembly (Krause et al., 2003) . Co-localisation studies of a-actinin and Ena revealed a complete overlap in the basal cytoskeleton, including the posterior patch, during stages 11 and 12 (Fig. 1D 00 ). At stage 13, there was also extensive co-localisation, although Ena appeared to be located closer to the cell margin than a-actinin (Fig. 1E 00 , arrow). Thus, both a-actinin and Ena accumulate in a transient adhesion site-like structure that forms at the onset of egg elongation.
The basal stress fibres are aligned perpendicular to the A/P axis of the oocyte between stages 7 and 10 (Gutzeit, 1990; Frydman and Spradling, 2001 ), but then a phase of slight disorganisation occurs before the perpendicular alignment is reassumed by stage 13 (Gutzeit, 1990) . The disorganised phase correlates with the relocalisation of aactinin and Ena in the basal cytoskeleton that we have observed. The remodelling could also be recognised by phalloidin-staining of the actin fibres, although they indeed appeared quite irregular in most cells. Fig. 1G 0 shows a phalloidin-stained stage 12 egg chamber with clearly visible basal actin fibres. In several cells, they are polarised in the A/P direction, and they often also converge in a denser patch of F-actin (Fig. 1G 0 , arrow), which overlaps with the posterior patch containing Ena (Figs. 1G and G 00 , arrows) and a-actinin. Thus, egg elongation involves an organised repolarisation of the basal actin fibres.
Accumulation of a-actinin is associated with and depends on integrin adhesion
In contrast to a-actinin and Ena, b-integrin did not show a distinct posterior accumulation at stages 11 and 12. Instead, numerous tiny spots were distributed over a large area of the cell. Co-localisation studies of a-actinin and b-integrin revealed that although some of these spots co-localised with an a-actinin-containing patch, most of them were either located adjacent to a patch or did not associate with it. Fig. 2A shows an early stage 11 egg chamber, in which prominent a-actinin-containing patches were observed mainly in the anterior part of the egg chamber. The encircled cell in Figs. 2B-B 00 still shows localisation of a-actinin and b-integrin at the lateral edges of the cell. The merged image clearly demonstrates that strong accumulation of b-integrin occurs adjacent to a-actinin (Fig. 2B 00 ). In the anterior part of the egg chamber, some cells have accumulated a very prominent wide patch of aactinin. A thin stripe of b-integrin is seen accumulating at the posterior edge of the a-actinin-containing patch (Figs.  2B-B 00 , arrows). At stage 13, both a-actinin and b-integrin accumulated at the lateral cell margins in stripes of approximately the same width. However, co-localisation studies clearly revealed that b-integrin was more laterally located than a-actinin (Figs. 2C-C 00 , arrow). The difference in localisation was also evident from the distance between the stripes of two neighbouring cells. The space between the a-actinin stripes is clearly wider than between the b-integrin stripes (arrow). A similar spatial difference between the b-integrin and Ena stripes is also visible in Fig. 6 in Bateman et al. (2001) . Thus, the accumulation of a-actinin is closely associated with the assembly of a b-integrin-based adhesion site.
To further examine the role of integrin-based adhesion in the dynamic reorganisation of a-actinin, we generated clones of follicle cells lacking b-integrin using the null allele mys XG43 (myospheroid) (Leptin et al., 1989; Bunch et al., 1992) and examined the localisation of a-actinin. In the resulting stage 11-12 mosaic egg chambers, the posterior patch did not form in cells lacking b-integrin (Fig. 3A) . At stage 13, the lateral a-actinin pattern was disturbed within the clone area (Fig. 3B, asterisks) , whereas it appeared normal in most wild-type cells (mys +/+ or mys +/À ) located next to a mutant clone (Fig. 3B, lines) . Beneath the basal surface, there was a marked cell-autonomous cortical accumulation of a-actinin in the cells lacking b-integrin (Fig. 3C 00 ). Occasionally, a wild-type cell next to the clone also displayed increased cortical localisation of a-actinin (Figs. 3C 0 and C 00 , arrowhead). A closer examination of the basal a-actinin pattern revealed that the wildtype cells located next to the clone extended projections over the clonal area as if trying to establish contact with another wild-type cell (Figs. 3C-C 00 0 , arrows). This was especially evident in those follicle cells where there was a high level of GFP also in the cytoplasm (Fig. 3C 0 ). This behaviour indicates that the mutant cells have reduced adhesion towards the ECM and that the wild-type cells attempt to compensate for the reduced adhesion by expanding their surfaces basally. The mutant cells were never observed to accumulate a-actinin laterally. We did not observe short eggs nor any dramatic effects on the actin fibre polarity in most cells outside the clone (Figs. 3C and C 00 0 , lines), which may be explained by the small sizes of the clones (Bateman et al., 2001 ). In conclusion, the dynamic accumulation of a-actinin in the late-stage follicle cells is dependent on integrin adhesion.
Main body and dorsoanterior follicle cells regulate a-actinin expression differently
The mutant Actn D233 carries a deletion that disrupts the first untranslated exon of the non-muscle a-actinin splice variant (Fyrberg et al., 1998; Wahlström et al., 2004; Fig. 4 ). This results in loss of a-actinin protein in most ovarian cells, except for the polar cells and the follicle cells at stages 10-14. On the mRNA level, however, non-muscle a-actinin is still expressed in the Actn D233 mutant (Wahlströ m et al., 2004) . Since the antibody we have used does not distinguish between the different isoforms, we will refer to the population of a-actinin that is expressed in the Actn D233 follicle cells as FC-a-actinin (for follicle cell-a-actinin). The term NC-a-actinin (for nurse cell-a-actinin) refers to the population of a-actinin protein that is lost because of the deletion in the Actn D233 mutant. The localisation and dynamics of FC-a-actinin in Actn D233 mutant main body follicle cells were essentially the same as described above for a-actinin in the wild-type (not shown). However, in contrast to that found for the wild-type, no a-actinin was detected in Actn D233 mutant dorsoanterior follicle cells, indicating that only NC-a-actinin is expressed in these cells (Fig. 5A) . We compared the expression domains of FC-a-actinin and Broad protein in order to map FC-a-actinin expression with respect to the cells with dorsoanterior cell fate. The expression level of Broad protein is modulated by EGFR and Dpp signalling in a dose-dependent manner from stage 10 onwards (Deng and Bownes, 1997; Dequier et al., 2001) , resulting in upregulation in the dorsal appendage roof cells and repression in the dorsal midline cells. The main body follicle cells, which do not experience EGFR nor Dpp signalling, express intermediate levels of Broad (Dorman et al., 2004) . In stage 10-11 egg chambers, we observed a complete overlap between FC-a-actinin-positive cells and cells with medium Broad expression at the dorsal midline, whereas the domain of high Broad expression was traversed by the anterior FC-a-actinin expression border (Figs. 5B-B 00 ). Double-staining with anti-a-actinin and anti-Ena confirmed that FC-a-actinin was not excluded from all dorsal appendage cells. Ena was localised apically in the whole tube (Fig. 5C ), whereas FCa-actinin was detected only in the proximal part, where it localised both apically and basally (Fig. 5C 0 ). This shows that NC-a-actinin and FC-a-actinin do not have different preferences for a certain subcellular localisation, since NC-a-actinin in the wild-type localised both apically and basally in the distal part of the tube (Figs. 1B and C). Despite the lack of a-actinin in the dorsoanterior Actn
D233
follicle cells, all anterior egg shell structures, including the dorsal appendages, appeared normal (not shown).
The deletion in the Actn D233 mutant does not remove the 5 0 -most part of the first exon, therefore the residual a-actinin protein detected in the follicle cells might result from correct splicing occurring further downstream (Wahlströ m et al., 2004) . Therefore, we examined ovarian a-actinin protein expression in two other non-muscle a-actinin mutant lines, Actn D148 and usp 2 (Fig. 4) . Actn D148 is a lethal deletion allele, which lacks the entire first exon of non-muscle a-actinin and the 5 0 -end of the neighbouring gene ultraspiracle (usp). In usp 2 , a fragment from the third chromosome (66B-67E, over 1 Mb in size) is inserted in the usp gene (Schubiger and Truman, 2000) , which is nested in the first intron of the Actn gene. Actn D148 was fully rescued when Usp function was provided from a transgene (k10) (Oro et al., 1990) , whereas only sporadic female escapers homozygous for usp 2 were recovered. Anti-a-actinin staining of homozygous Actn D148 (not shown) and usp 2 egg chambers rescued by k10 revealed the same expression patterns as in Actn D233 , i.e. polar cells and main body follicle cells starting from stage 10 (Figs. 6A and B) . Considering the size of the insertion in usp 2 , FC-a-actinin should therefore be produced from an mRNA transcribed from a promoter located downstream of usp, presumably the muscle-specific promoter (Fyrberg et al., 1998) . The Actn mutant alleles used in this study are summarised in Table 1 .
In order to check whether NC-a-actinin is also present in the main body follicle cells, we generated clones of cell mutants for Actn D148 and examined the level of a-actinin protein expression. In the resulting mosaic egg chambers, the wild-type cells were more strongly stained than the Actn D148 homozygous mutant cells (Figs. 6C-C 00 ). This indicates that both NC-a-actinin and FC-a-actinin are expressed in the main body follicle cells. In conclusion, all ovarian follicle cells express a-actinin from the upstream promoter, while the main body follicle cells in addition express a-actinin from the downstream promoter.
2.4. Both non-muscle and adult muscle-specific a-actinin mRNAs are expressed in the egg chamber According to the results presented above, only the downstream promoter gives rise to detectable a-actinin protein in the non-muscle mutants. This promoter is ). (C-C 00 ) Crosssection of an elongating dorsal appendage in a stage 12 egg chamber. The bracket marks the length of the tube. Ena is localised at the apical domain in the whole tube (C), whereas FC-a-actinin is present only in the proximal part (C 0 ). The hatched lines mark the anterior-most a-actinin-positive roof cell, in which FC-a-actinin is localised both at the basal ( * ) and the apical domain. Posterior is to the right in all images. Bar 20 lm. thought to give rise to muscle-specific a-actinin (Fyrberg et al., 1998) . However, an RT-PCR analysis performed on Actn D148 mutant ovaries and on usp 2 males demonstrated the presence of spliced non-muscle a-actinin mRNA (not shown), suggesting that expression of non-muscle a-actinin is not restricted to the upstream promoter.
We have previously shown that all three a-actinin mRNA splice variants are expressed in whole wild-type ovaries (Wahlströ m et al., 2004; Fig. 7A, sample 1) . Because whole ovaries also include muscle tissues, we repeated the RT-PCR analysis on singly isolated wild-type stage 10-11 egg chambers. In addition to the non-muscle splice variant (not shown), we could also clearly detect the adult muscle-specific splice variant, but not the larval splice variant (Fig. 7A, sample 2 ).
Since we cannot exclude the possibility that the egg chamber preparation was contaminated with epithelial sheath muscle tissue, we also performed an in situ hybridisation on wild-type and Actn D233 mutant egg chambers using the internal alternatively spliced muscle-specific and non-muscle-specific exons as probes. Surprisingly, the strongest signal in the late-stage follicle cells was obtained with the muscle-specific probe (Figs. 7B and C). However, there was no evidence for a transcriptional downregulation in the dorsoanterior cells, neither in the wild-type (Fig. 7B , arrow) nor in the mutant (Fig. 7C, arrow) . Neither was there a difference in the staining intensity between dorsoanterior and main body follicle cells when the non-musclespecific probe was used on the mutant (Fig. 7F, arrow) . The control sense probes gave rise to background staining Fyrberg et al. (1990) . in the nurse cells, but they did not stain the follicle cells (Figs. 7D and G) . Taken together, these results suggest that FC-a-actinin includes both adult muscle-specific and nonmuscle a-actinin and that the downregulation of FC-a-actinin in the dorsoanterior cells is on a post-transcriptional level.
FC-a-actinin is negatively regulated by combined EGFR and Dpp signalling
The shape of the domain lacking FC-a-actinin in the Actn D233 mutant is similar to the one experiencing dynamic EGFR signalling during the establishment of the dorsoanterior domain at stage 10 (Peri et al., 1999) . To test whether FC-a-actinin protein expression is under direct negative regulation by the EGFR signalling pathway, we employed the UAS-GAL4 system to overexpress either a ligand-independent activated (UAS-ktop) (Queenan et al., 1997) or a dominant negative (UAS-Egfr-DN) (Buff et al., 1998) form of the EGF receptor in the follicle cells. This results in expansion or reduction, respectively, of the dorsoanterior domain. The overexpression was done in the Actn D233 mutant background in order to examine the effect on FCa-actinin expression. The driver CY2-GAL4 is strongly expressed in all follicle cells starting from stage 8 (Fig. 8L) , and overexpression of ktop with this driver results in dorsalised eggs that completely lack dorsal appendages. All cells around the anterior circumference acquire the fate of the dorsalmost cells, or operculum (Queenan et al., 1997; Fig. 8B , compare with the wild-type in Fig. 8A ). Activation of EGFR signalling in all follicle cells resulted in a loss of FC-a-actinin expression in all anterior follicle cells, both dorsal and ventral, whereas the expression in the posterior remained unchanged (Figs. 8C and C 0 ). Broad was also downregulated in all anterior cells (Fig. 8D  0 ) . A co-staining revealed that all cells expressing FC-a-actinin also expressed Broad, indicating that they had main body follicle cell identity (Fig. 8D 00 ). The dynamic reorganisation of FC-a-actinin in the main body follicle cells was not affected (not shown). Neither was the expression of NC-a-actinin in the dorsoanterior cells affected when UAS-ktop was driven with CY2-GAL4 in the wildtype (not shown). Overexpression of Egfr-DN in the anterior follicle cells using the driver 55B-GAL4 (Fig. 8M ) resulted in eggs with a single fused dorsal appendage (Fig. 8E) or a patch of dorsal appendage material on the dorsal midline (Fig. 8F) . Correspondingly, in the Actn D233 background, the FC-a-actinin-negative domain was reduced to a small patch on the dorsal midline (Fig. 8G) . Taken together, EGFR signalling alone could not downregulate FC-a-actinin, but a correlation between dorsoanterior cell fate and lack of FC-a-actinin expression was revealed.
It has been shown that some target genes of the EGFR pathway, such as rhomboid (rho), are induced only in anterior cells despite ectopic EGFR pathway activation in all follicle cells. However, rho expression could be induced in the posterior by simultaneous activation of both the EGFR and Dpp signalling pathways (Queenan et al., 1997; Peri and Roth, 2000) . Therefore, we asked whether combined EGFR and Dpp signalling in the posterior follicle cells would block FC-a-actinin expression. One approach we took was to co-express UAS-ktop and UAS-dpp in the posterior of Actn D233 egg chambers with E4-GAL4 (Fig. 8N ). Ectopic activation of dpp alone did not alter the domain of FC-a-actinin expression, although a slight reduction in staining intensity was seen in the posterior of the egg chamber (Fig. 8H) . This is at least partly due to a failure of the cells to accumulate a-actinin in the basal cytoskeleton (our unpublished data). When UAS-ktop was co-expressed with UAS-dpp, there was a similar reduction in staining intensity, but in addition, patches of cells completely lacking a-actinin were seen (Fig. 8I, arrows) . We also applied the same experimental setup as in Peri and Roth (2000) , i.e. colchicine was fed to Actn D233 ;E4-GAL4/UAS-dpp females. Colchicine prevents the microtubule-based translocation of the oocyte nucleus to the anterior, which instead will localise Gurken and activate the EGF receptor in posterior follicle cells. Although the colchicine treatment was detrimental to the egg chamber, a-actinin expression was clearly detected in the posterior of the egg chambers dissected from colchicine-fed Actn D233 females (Fig. 8J) . However, when colchicine was fed to the Actn D233 ;E4-GAL4/UAS-dpp females, FC-a-actinin expression in the posterior follicle cells was lost (Fig. 8K, arrow) . Thus, FC-a-actinin is negatively regulated by combined EGFR and Dpp signalling.
Ectopic expression of adult muscle-specific a-actinin induces actin bundle formation in the presence of EGFR signalling
Ubiquitous expression of adult muscle-specific a-actinin rescues the lethality of Actn null mutants (Dubreuil and Wang, 2000) and does not cause any obvious defects in egg morphology (not shown). However, the absence of FC-a-actinin from the dorsoanterior follicle cells suggests that these cells may be sensitive to high levels of a-actinin expression. To test this, we examined F-actin and a-actinin localisation in follicle cells from flies overexpressing the adult muscle-specific isoform of a-actinin, such flies being denoted as B22/+. Egg chambers stained with anti-a-actinin revealed clearly elevated protein levels in the basal cytoskeleton of B22/+ follicle cells compared to the wild-type (not shown). Nevertheless, the main body follicle cells reorganised their basal cytoskeleton at stages 11-12 (Fig. 9B) and generated a normal lateral pattern at stage 13 (not shown). Thus, the main body follicle cells are not largely affected by ectopic expression of muscle-specific a-actinin. However, when we examined the dorsoanterior cells of the B22/+ egg chambers, we observed prominent a-actinin-rich spikes that appeared in the dorsal appendage cells at late stage 11 (Fig. 9B, bracket) and persisted throughout stage 13 (not shown). In contrast, the wild-type dorsal appendage cells were quite evenly stained (Fig. 9A) .
Ena was also recruited to these spikes (not shown), and they could be labelled with phalloidin, showing that they contained F-actin (Figs. 9D and D 0 , short arrows). The spikes appeared both at the basal surface (Fig. 9D ) and as extensions from the cell cortex in more apical layers (Fig. 9D  0 ) . The layer of basal actin fibres was not affected. F-actin spikes were never seen in the wild-type (Figs. 9C and C 0 ). Overexpression of a-actinin also affected the basal actin fibres specifically at stages 9 and 10A. In the B22/+ cells, the layer of basal actin fibres appeared denser than in the wild-type. We also observed some abnormally thick actin bundles along which Ena was concentrated (Fig. 9F,  arrow) . This pattern was in sharp contrast to the wild-type, in which the basal actin fibres displayed only a punctated Ena staining (Fig. 9E) . The Ena-containing bundles in the B22/+ follicle cells disappeared at the start of the cytoskeletal remodelling at stage 10B, when Ena was translocated to the posterior cell margin in a normal manner (not shown).
The most dramatic effect of ectopic a-actinin expression was seen in the dorsal appendage cells, which are characterised by maintained EGFR signalling. Thus, we tested the hypothesis that EGFR signalling increased a-actinin's bundling activity. We overexpressed the activated EGF receptor (UAS-ktop) with GR1-GAL4 in the presence or absence of ectopic muscle-specific a-actinin and looked for effects on the actin cytoskeleton. GR1-GAL4 drives expression of UAS-ktop in all follicle cells from early oogenesis. Ectopic EGFR signalling at stages 9-10 made the basal actin fibres appear sparser and more disorganised than in the wild-type, but Ena showed a normal punctated localisation (Fig. 9G) . When muscle-specific a-actinin was ectopically expressed in the GR1-GAL4/UAS-ktop background, all basal actin fibres were transformed into a single branched or unbranched F-actin bundle that also recruited Ena (Fig. 9H) . Although both ktop and B22 were co-expressed throughout oogenesis, extensive bundling of basal actin filaments was not observed before stage 9. This suggests that EGFR signalling does not directly cause a-actinin to bundle F-actin. Rather, it appears to modify the activity of some other factor that is induced independent of EGFR signalling at stage 9.
In conclusion, overexpression of adult muscle-specific a-actinin gave rise to abnormal actin bundles in the follicle cells at late oogenesis, but only in those cells that do not express FC-a-actinin. In addition, maintained EGFR signalling was necessary, but not sufficient, to stimulate a-actinin's bundling activity.
a-Actinin is required for proper remodelling of the basal cytoskeleton
To reveal the function for a-actinin in the main body follicle cells, we generated clones of cells homozygous for the Actn null mutant alleles Actn 8 or Actn
14
. No a-actinin protein was detected in follicle cell clones homozygous for these alleles (Wahlström et al., 2004) . Many of the resulting mosaic egg chambers carried very large clones (Fig. 10A 00 ). Nevertheless, no abnormal eggs were observed, which indicates that lack of a-actinin was not fatal to epithelial morphogenesis. We labelled the mosaic egg chambers with phalloidin and examined the actin fibres of stage 10-13 main body follicle cells. In several mutant clones at stage 10 (not shown) or stage 13 (Figs. 10A and A 0 ), the actin fibres were indistinguishable from those in the wild-type (Actn +/À or Actn +/+ ) neighbouring cells. In other egg chambers, the actin fibre density of the mutant cells differed from that of the wild-type cells (Figs. 10B and B 0 ). The actual appearance of the mutant cells varied between clones, but in all cases, the effect of missing a-actinin was completely cell-autonomous. The variation could have been due to differences in the developmental stage of the follicular epithelium. Actin fibres with and without a-actinin may also have responded differently to suboptimal dissection and fixation conditions (Gutzeit, 1990) , thus resulting in artefacts that appeared different between wild-type and mutant cells. Nevertheless, anti-Ena staining of stage 13 mosaic egg chambers repeatedly revealed a slightly more diffuse lateral pattern in the mutant cells compared to the wild-type (Figs. 10C and C 0 ), indicating some minor differences not detectable in the phalloidinstained follicle cells. The actin fibre polarity was never affected at stages 10 (not shown) or 13, i.e. before or after the reorganisation. Thus, a-actinin plays only a minor role in the formation and maintenance of the basal actin fibres in the ovarian follicle cells.
In contrast to the near-normal Ena pattern at stage 13, the posterior accumulation of Ena at stages 11 and 12 was completely lost in cells lacking a-actinin (Figs. 10D and D  0 ) . This indicates that a-actinin is either specifically required for posterior localisation of Ena or that the posterior adhesion site does not form at all in the absence of a-actinin. Because of the inherent variation in actin fibre polarity at these stages, the basal layer of actin fibres appeared quite irregular both in the wild-type and Actn null mutant cells. Nevertheless, several wild-type cells were identified with a posterior dense patch of F-actin (Fig. 10E, asterisks) , cells that were located right next to mutant cells lacking similar patches. This suggests that the posterior structure in which Ena accumulates may not form in the absence of a-actinin.
We also analysed mosaic egg chambers at stage 10B/ 11 that had been fixed while reorganising their basal cytoskeleton (Figs. 10F and F 0 ). At this stage, Ena was localised in the basal cytoskeleton of the mutant cells, albeit with a different pattern than in the wild-type cells. The latter showed a more or less irregular accumulation of Ena, demonstrating that the cell was in border. The wild-type cells were in the process of resolving the posterior accumulation, while the neighbouring mutant cells showed a typical stage 13 lateral pattern. Thus, the lack of a-actinin specifically perturbs the organised remodelling of the basal cytoskeleton at stage 11.
We also examined basal Ena localisation in wild-type and Actn D233 dorsoanterior follicle cells. In wild-type dorsal appendage cells, a-actinin (Fig. 1B, encircled) and Ena (Fig. 10H) accumulate basally, whereas Actn D233 dorsal appendage cells that lack a-actinin showed only diffuse Ena staining (Fig. 10I) . In contrast, Ena accumulated normally at the roof cell apices (arrow) and in the posterior patch of the Actn D233 main body follicle cells. Thus, NC-a-actinin in the dorsal appendage cells has the same function as FC-a-actinin in the main body follicle cells in localising Ena in the basal cytoskeleton.
Discussion
Dorsoanterior and main body follicle cells differently regulate a-actinin expression via the EGFR and Dpp pathways
Immunolocalisation of a-actinin in wild-type egg chambers displayed a ubiquitous expression of a-actinin. However, analysis of the a-actinin expression pattern in the non-muscle mutant Actn D233 revealed that at least two separate populations of a-actinin are present in the follicle cells (Wahlströ m et al., 2004) . a-Actinin produced from an mRNA that is transcribed from the upstream promoter (NC-a-actinin) is ubiquitously expressed in the egg chamber. The second a-actinin population, FC-a-actinin, corresponds to a-actinin that is present in certain non-muscle cells of all examined non-muscle-specific a-actinin mutants. FC-a-actinin is most likely produced from an mRNA transcribed from the downstream promoter and may include both non-muscle a-actinin and adult muscle-specific a-actinin. However, an analysis using isoform-specific antibodies or a complete sequencing of the mRNAs expressed in the egg chamber will be required in order to clarify this issue. FC-a-actinin protein was expressed in the main body follicle cells starting from stage 10, but excluded from the dorsoanterior cells. The dorsoanterior cells are patterned by the EGFR and Dpp signalling pathways, and our results showed that these two pathways together downregulate FC-a-actinin expression, but not the expression of NC-a-actinin.
The dorsoanterior and main body follicle cells undergo very different morphogenetic changes. The dorsoanterior cells elongate in the apicobasal direction and migrate (Dorman et al., 2004) , an event that did not seem to require aactinin. In contrast, the main body follicle cells flatten and expand their surfaces (Gutzeit, 1990) . These events are expected to involve different sets of cytoskeletal regulators, of which very little is yet known. The formation of a dense layer of basal actin fibres in the main body follicle cells may include upregulation of proteins known to be involved in stress fibre formation, such as a-actinin. It has been shown that the dorsal midline cells upregulate basal E-cadherin and FasIII (James et al., 2002; Ward and Berg, 2005) , indicating increased cell-cell adhesion. These cells also lose their basal actin fibres (our unpublished data), which may explain why less a-actinin, i.e. only NC-a-actinin, is expressed in these cells.
The basal cytoskeleton of the main body follicle cells undergoes a transient integrin-dependent remodelling during late oogenesis
Throughout oogenesis, the basal cytoskeleton is organised into actin fibres aligned in parallel (Gutzeit, 1990; Frydman and Spradling, 2001 ). Gutzeit (1990) noted the variation in the actin fibre polarity at the late stages of oogenesis. We extend his observations by showing that the basal cytoskeleton undergoes an organised remodelling during the final stages of oogenesis. The rapid increase in oocyte volume during nurse cell dumping at stage 11 requires that the follicle cells expand their surfaces in order to maintain a coherent epithelium. This process involves a transient change in the polarity of the basal actin fibres, from a perpendicular to a parallel orientation relative to the A/P axis of the egg chamber, and the assembly of a transient structure that accumulates a-actinin and Ena. The association of this structure with an accumulation of b-integrin and its dependence on integrin adhesion demonstrate that the cytoskeletal reorganisation is linked to a remodelling of integrin-based adhesion sites. The fact that a-actinin and b-integrin did not show a strict co-localisation is in good agreement with studies on mammalian cells showing that integrin, but not a-actinin, is present in nascent adhesion sites termed focal complexes. a-Actinin accumulation in the adhesion site occurs later, as the focal complexes mature into focal adhesions (ZaidelBar et al., 2003) . The signal that induces the remodelling of the basal cytoskeleton remains to be identified. An intriguing possibility is that the mechanical stress applied to the epithelium during nurse cell dumping is transduced into biochemical signals that result in the observed reorganisation. Two different mechanisms are known to mediate mechanotransduction: stretch-activated ion channels or conformational changes within cell-matrix adhesion sites (Geiger and Bershadsky, 2002) .
The current view is that the parallel basal actin fibres shape the oocyte during egg elongation by preventing axial expansion (Gutzeit et al., 1991; Frydman and Spradling, 2001) . However, since the basal actin fibres repolarise during egg elongation, the current model does not adequately explain how the oocyte acquires its final shape. The fact that Ena accumulates in the posterior of the cell during egg elongation suggests that a mechanism involving localised actin polymerisation and directed cell growth may also contribute to shaping the oocyte. It has been reported that egg elongation is blocked by mutations in the genes encoding a-integrin, b-integrin, the adhesion site components talin or tensin, the receptor tyrosine phosphatase Dlar or the ECM component Laminin A (Duffy et al., 1998; Bateman et al., 2001; Frydman and Spradling, 2001; Lee et al., 2003; Bécam et al., 2005) . In the case of b-integrin and Dlar, it has been shown that the actin fibre polarity is disturbed (Bateman et al., 2001; Frydman and Spradling, 2001) , and this has been suggested to be the cause of the short egg phenotype. However, the data presented in this work give reason to speculate that defective adhesion between the follicle cells and the ECM might play a role as well.
3.3. Lack of a-actinin does not disrupt the basal actin fibres but perturbs the remodelling of the basal cytoskeleton
To explore the function of a-actinin in the main body follicle cells, we generated clones of cells lacking a-actinin. This experiment unexpectedly revealed that a-actinin is not required for the formation or maintenance of the basal actin fibres. Previous studies, relying on the introduction of truncated a-actinin molecules into cultured mammalian cells, have suggested that a-actinin is important for stress fibre maintenance (Pavalko and Burridge, 1991) . Furthermore, examination of transformed cells expressing different levels of a-actinin showed that cells with low a-actinin levels had poorly developed stress fibres (Glü ck et al., 1993) , an effect we could not observe. It is possible that the follicle cell basal actin fibres are not true contractile stress fibres and therefore do not depend on a-actinin. Alternatively, an alternative pathway for stress fibre assembly that is independent of a-actinin might be activated in the follicle cells following removal of a-actinin.
The clonal analysis revealed that while a-actinin was not necessary for the lateral accumulation of Ena at stage13, it was cell-autonomously required for the posterior localisation of Ena at stages 11 and 12. The reason for this could be that a-actinin is specifically required for recruiting Ena to the posterior adhesion site, perhaps by recruiting their common binding partner zyxin (Drees et al., 1999) . Alternatively, the posterior adhesion site may not form at all. The latter possibility is supported by our observations on mosaic stage 10B/11 egg chambers that were in the process of assembling the posterior adhesion site. While wild-type cells were in the process of translocating Ena towards the posterior, neighbouring cells lacking a-actinin still showed a lateral Ena pattern. At stage 12/13, the lateral adhesion sites were assembled earlier in the mutant cells than in the wild-type cells, perhaps because the mutant cells had not reorganised their cytoskeleton to the same extent as the wild-type cells had. Thus, our results clearly demonstrate that adhesion site remodelling is altered in the absence of a-actinin. However, in contrast to the cells lacking b-integrin, the Actn mutant cells appear to maintain their adhesion to the ECM, since they appeared equally well spread as the wild-type cells at stage 13.
Our results are in agreement with the current view that vertebrate a-actinin is involved in adhesion site disassembly. This is a strictly regulated process that involves signalling by phosphoinositides, tyrosine phosphorylation and proteolytic cleavage of individual components (Carragher and Frame, 2004) . a-Actinin is one of the targets for these activities. Phosphorylation of a-actinin by focal adhesion kinase (FAK) reduces a-actinin's affinity for F-actin and regulates the activity of FAK itself (Izaguirre et al., 2001; Zhang et al., 2006) , PtdIns(3,4,5)-P 3 binding to a-actinin disrupts a-actinin binding to b-integrin and F-actin (Greenwood et al., 2000; Fraley et al., 2005) , and cleavage of a-actinin by calpain has been associated with cell shape changes in certain cell types (Selliah et al., 1996) . It has also been shown that a-actinin is essential for maintaining the link between the adhesion site and the stress fibre. This conclusion was reached based on an experiment showing that laser-mediated inactivation of a-actinin located in an adhesion site resulted in stress fibre detachment from the adhesion site (Rajfur et al., 2002) . In the Drosophila follicle cells, a-actinin is clearly not required for actin fibre attachment. However, by the laser-mediated inactivation, a-actinin was removed from an adhesion site, whereas in the Actn null mutant follicle cells, the adhesion sites never contained a-actinin. Considering the large number of proteins that interact with a-actinin, it is expected that a signal targeted at a-actinin indirectly affects many other proteins and processes as well. An adhesion site lacking a-actinin may well be functional, but it may respond differently to various signals that induce adhesion site remodelling.
Interestingly, even very large clones of Actn mutant cells had no negative effects on egg morphology. This indicates that proper cytoskeletal remodelling and posterior localisation of Ena is not necessary for egg elongation. Apparently, the expansion of the main body follicle cells in the Actn mutant cells occurs by an alternative mechanism that is not dependent on a-actinin. This raises the question of whether the wild-type remodelling mechanism would become important under some specific conditions not prevailing in the laboratory. The impact of the environment on the development of mutant phenotypes has been well documented in the slime mould Dictyostelium discoideum. Lack of a-actinin resulted in only minor alterations in cellular functions and did not reduce viability (Eichinger et al., 1996; Rivero et al., 1996; Weber, 1999) . However, when the cells were grown under conditions resembling their natural habitat, specific developmental defects appeared (Ponte et al., 2000) .
EGFR signalling increases the F-actin bundling activity of ectopically expressed adult muscle-specific a-actinin
The dorsoanterior follicle cells express only NC-a-actinin, whereas the main body follicle cells also express FC-a-actinin. Furthermore, these two cell populations responded differently to overexpression of the adult muscle-specific a-actinin isoform. Prominent actin spikes were induced in the dorsal appendage cells, while the main body follicle cells remained unaffected. This effect might be specific for the adult muscle-specific isoform. Alternatively, the dorsal appendage cells might be sensitive to an overload of any isoform of a-actinin. In either case, it provides a plausible explanation as to why FC-a-actinin needs to be downregulated in these cells. The appearance of spikes roughly coincided with the start of tube elongation, suggesting a connection with events that regulate dorsal appendage migration. At stages 9 and 10A, also stages at which the follicle cells undergo migration, a thickening of the basal actin fibres was observed. Since the dorsal appendage cells are characterised by their maintained EGFR signalling, we tested whether EGFR signalling directly increased a-actinin's bundling activity. Indeed, co-expression of ktop and muscle-specific a-actinin at stages 9 and 10A resulted in extensive bundling of the basal actin fibres, an effect that was not observed when either protein was expressed alone. No effect was seen prior to stage 9, suggesting that the factor needed for a-actinin's bundling activity was induced independent of EGFR signalling at stage 9, but subsequent to the induction, its activity was modulated by EGFR signalling.
Regardless of whether or not the effect is specific for a certain a-actinin isoform, we can conclude that EGFR signalling modulates a-actinin's bundling activity. A possible mediator could be, for example, an enzyme that regulates the phosphoinositide levels in the cell. The F-actin crosslinking activity of vertebrate a-actinin is regulated by phosphoinositide binding, although some controversy exists as to whether phosphoinositides increase (Fukami et al., 1992) or decrease (Fraley et al., 2003 ) the crosslinking activity. Interestingly, mammalian cells transfected with a mutant form of a-actinin-1 with a reduced affinity for phosphoinositides displayed excessive bundling of actin filaments (Fraley et al., 2003) in a manner somewhat similar to what we observed in stage 9 follicle cells overexpressing both ktop and muscle-specific a-actinin. The phosphoinositide binding site in vertebrate a-actinin has been mapped to the N-terminal actin-binding domain. All residues shown to be important for phosphoinositide binding (Fukami et al., 1996; Fraley et al., 2003; Franzot et al., 2005) are conserved in Drosophila a-actinin (Fyrberg et al., 1990) , indicating that the same regulatory mechanism probably exists in Drosophila as well.
Concluding remarks
This study contributes new data to the field of cytoskeletal dynamics in Drosophila follicle cells. We have uncovered a surprisingly complex regulation underlaying a-actinin expression in the follicle cells. We have also shown that the basal cytoskeleton of the main body follicle cells undergoes an organised remodelling during egg elongation and that a-actinin is required in this process. This observation provides the first identified phenotype in a Drosophila non-muscle tissue lacking a-actinin. The fact that both loss of a-actinin and overexpression of a-actinin resulted in very distinct cellular phenotypes suggests that the follicular epithelium could serve as a very useful in vivo system for further studies on mechanisms that regulate aactinin function and activity. Furthermore, the cytoskeletal remodelling may provide an easily accessible and genetically tractable model for studies on adhesion dynamics in vivo. 
In situ hybridisation
The internal muscle-specific (short version) and non-muscle-specific exons were PCR-amplified (Wahlströ m et al., 2004) and cloned into pBS+KS. Digoxigenin-labelled RNA sense and anti-sense probes were transcribed from the linearised vector using T3 or T7 polymerase. In situ hybridisation was performed according to the Ruohola-Baker lab Ovary in situ protocol (http://depts.washington.edu/taneli/procedure/ insitu_ovaries.PDF).
RT-PCR
Total RNA was extracted from whole ovaries or from hand-dissected, isolated egg chambers using the RNeasy Ò Protect Mini Kit (QIAGEN). Reverse transcription and PCR was performed as described (Wahlströ m et al., 2004) , except that DMSO was omitted, annealing was at 61°C, primer extension was for 30 s and the number of PCR cycles was 40.
